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INTRODUCTION 
Current and future explorations of the hostile environments of outer 
space emphasize the need for remote mechanical devices which extend man's 
reach without endangering his health. 
mit man to assemble or repair equipment and perform experiments or collect 
samples through protective barriers of matter and distance (see Figure 1). 
These remote manipulators would per- 
However, remote manipulation at great distances is handicapped by feed- 
back time delays due to limited signal transmission speed (in addition to 
dynamic lags, processing delays, etc.), 
the indication on his display of the manipulator's response are separated 
by a time delay equal to the round trip signal transmission time plus any 
processing delays. 
and moon via synchronous relay satellite is five to six seconds. 
The operator's control action and 
For example the round trip signal time between earth 
1 
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Ferrell performed several experiments which indicated that a human 
operator using a position-controlled "minimal manipulator" could perform 
simple tasks, requiring considerable accuracy9 when there was a transmission 
delay. The operators adopted a "move and wait" strategy; that is, they 
sequentially moved open loop and waited a delay time for feedback. 
found that the operators used move and wait so consistently that the com- 
pletion time for both a simple or complex task was predictable knowing the 
amount of time delay, completion time without delay and number of open 
loop moves required when there was no delay, He also showed that task 
completion time was proportional to the information index of difficulty 




Though Ferrell's results were clear and conclusive, they were based 
on experiments with his "minimal manipulator," a rudimentary three-degoee- 
of-freedom (X,Y and grasp) device, 
This study attempted to extend Ferrell's results to more conventional 
six-degree-of-freedom manipulators. Video tape recorders were used to 
generate a 3.5 second feedback delay. Three subjects performed three tasks, 
with two scales, by controlling a master-slave manipulator, Figure 2 is a 
schematic of the experimental setup. 
For a thorough analysis of delay's affect on manipulation, each task 
was segmented into three components: 
The study attempted to determine the relation of the task segments to total 
task time and to determine how this relation changed with delayed feedback. 













DESIGN OF THE EXPERIIFENT 
A S IIMULAT I O N  EQU IPMENT : 
The s u b j e c t s  performed t h e  ass igned  remote manipulat ion t a s k s  by con- 
t r o l l i n g  a right-hand, s ix-degree of freedoms Argonne E-2 master-s lave 
manipulator .  (See F igures  3 and 4 . )  This  manipula tor ,  a n  electro-mechani- 
cal  servo  mechanism is k inemat i ca l ly  isomorphic t o  t h e  o p e r a t o r ' s  arm and 
hand, 
and hand motions wi th  s u f f i c i e n t  speed and accuracy t h a t  t r ack ing  e r r o r s  
can be  considered n e g l i g i b l e  f o r  t h i s  s tudy.  Thus, complex t a s k s  could be 
accomplished e a s i l y  and a c c u r a t e l y  (except t h e  e f f e c t  of de l ay  when imposed) 
wi th  n e a r l y  n a t u r a l  a r t i c u l a t i o n .  
The dev ice  is w e l l  balanced and responds t o  t h e  human o p e r a t o r ' s  arm 
Normally, t h e  E-2 manipulator  i s  b i l a t e r a l :  A f o r c e  o r  motion app l i ed  
a t  t h e  slave hands w i l l  produce a similar f o r c e  o r  motion a t  t h e  master 
( fo rce  feedback).  However, f o r  t he  experiments i n  t h i s  s tudy ,  t h e  f o r c e  
feedback c a p a b i l i t y  w a s  suppressed,  so t h a t  t h e  E-2 funct ioned only  as a 
u n i l a t e r a l  manipulator .  
Viewing of t h e  t a s k  scene  w a s  v i a  a convent iona l  c losed -c i r cu i t  video 
system wi th  250 l i n e s  nominal r e s o l u t i o n .  
Craig v id i con  camera wi th  12 .5  mm l e n s p  two Sony CV-2600 0.5 inch  video 
r eco rde r s ,  and a S e t c h e l l  19  inch  monitor.  
The ch ie f  components were a 
The camera w a s  mounted two f e e t  above t h e  p l ane  of t he  t a s k  o b j e c t s  
(as shown i n  F igure  5) and focused on t h e  t a s k  ope ra t ing  area (approxi- 
mately twenty-four squa re  inches) .  
a p e r t u r e  ( f22)  t o  provide  s u f f i c i e n t  depth  of f ie ld . ,  Camera a n g l e  w a s  
c o n t r o l l e d  by a j o y s t i c k  a t  t h e  s u b j e c t ' s  f i n g e r t i p s  ( l e f t  hand). 
In t ense  l i g h t i n g  allowed a s m a l l  l e n s  
FIGURE 3: MASTER CONTROL AREA 
1% 
FIGURE 4: E-2 MANIPULATOR DEGREES OF FREEDOM 
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IPUTATOR SLAVE OVER TAS 
1% 
The two video recorders  w e r e  used t o  genera te  a t ransmission t i m e  
delay s imula t ion ,  Their  mechanical and e l e c t r o n i c  compa t ib i l i t y  permit ted 
video t a p e  t o  be threaded from the  supply reel, around the  head and 
through the  t r a n s p o r t  of t he  f i r s t  r eco rde r ,  t he  t h e  head, t r a n s p o r t  
and takeup reel of t h e  second recorder .  Fig l l u s t r a t e s  t h i s  con- 
f i g u r a t i o n .  By s imultaneously recording t h e  camera's video s i g n a l  wi th  
the  f i r s t  recorder  and p lay ing  back wi th  t h e  second, t he  t e l e v i s i o n  image 
w a s  delayed,  s imula t ing  a t ransmission t i m e  delay.  The length  of t h e  
s imulated delay w a s  equal  t o  the  d i s t a n c e  between the  record and playback 
heads divided by the  tape  speed. 
FIGURE 6: VIDEO RECORDER SETUP TO GEEJERATE 3.5 SECOND DELAY 
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During t h e  manipulat ion experiments t h e  r e c o r d e r s  were pos i t ioned  so 
t h a t  t h e i r  heads w e r e  26.25 inches  apart which produced a 3.5 second de lay  
a t  a t a p e  speed of 7.5 inches  pe r  second. With a pushbutton s e l e c t o r  t h e  
s u b j e c t s  could view t h e  video s i g n a l  without  de l ay  (output  of t h e  camera) 
o r  t h e  s i g n a l  w i th  3.5 second de lay  (output  of t h e  second r e c o r d e r ) ,  
I n  a d d i t i o n  t o  t h e  s i m p l i c i t y  of  t h i s  method of de l ay  s imula t ion ,  i t  
a l s o  produced a v ideo  record ing  of every test. These video record ings  were 
e s p e c i a l l y  u s e f u l  i n  reducing t h e  exper imenter ' s  v a r i a b i l i t y  i n  d a t a  tak ing .  
Playbacks of t h e  t apes  permit ted t h e  experimenter  t o  review each test and 
t o  compile thorough, c o n s i s t e n t  observa t ions .  
A s  shown i n  F igure  3 t h e  t e l e v i s i o n  monitor w a s  mounted on an i n s t r u -  
ment r ack  a t  approximately eye l e v e l .  Br ightness ,  c o n t r a s t ,  focusp  ho r i -  
z o n t a l  and v e r t i c a l  c o n t r o l  knobs were loca ted  on a panel  below the  monitor 
sc reen  w i t h i n  o p e r a t o r ' s  easy reach.  
were t h e  j o y s t i c k  f o r  p a n - t i l t  and t h e  pushbutton s e l e c t o r .  
Also mounted on t h e  instrument  rack  
To prevent  g l a r e  o r  r e f l e c t i o n s  on t h e  t e l e v i s i o n  screen ,  t h e  rest of 
t h e  r ack  w a s  covered i n  black.  S imi l a r ly ,  t h e  whole master c o n t r o l  area 
w a s  enclosed w i t h  b lack  drapes  so t h a t  t h e  s u b j e c t s  could not  view t h e  t a s k s  
d i r e c t l y  nor be d i s t r a c t e d  by ambient l i g h t  and motion. 
"booth" t h u s  formed, provided adequate  room f o r  t h e  ope ra to r  t o  move around, 
s t and ,  o r  sit whi l e  performing t h e  t a sks .  F igure  3 is  a photograph of t h e  
master c o n t r o l  area. 
The master c o n t r o l  
P o s s i b l e  audio cues  (i.e. servo  whine, o b j e c t s  f a l l i n g ,  e t c . )  during 
Both s u b j e c t  and experimenter wore 
White n o i s e  produced by a random 
t h e  tests were masked by whi te  no i se .  
headse ts  wi th  microphone and earphones.  
n o i s e  genera tor  w a s  cont inuous ly  played i n t o  t h e  earphones.  The no i se  vol- 
Eme w a s  kept  low so  t h a t  s u b j e c t  and experimenter could easi ly  communicate 
by microphone 
B (. PRELIMINARY TESTS : 
Severa l  months be fo re  t h e  t a s k s  and procedures  f o r  t h e  i n v e s t i g a t i o n  
were f i n a l i z e d  va r ious  pre l iminary  experiments w e r e  conducted, A v a r i e t y  
of t a sks ,  scales, and s u b j e c t s  w e r e  t e s t e d ,  Only t h e  t a s k  completion t i m e  
was recorded.  Some of t h e  r e s u l t s  are  presented  i n  Appendix A. 
The t a s k s  ranged from s imple  b lock  s t a c k i n g  t o  j o i n i n g  n u t s  and b o l t s .  
Subject  f a t i g u e  w a s  t h e  most problematic  e f f e c t  of long, complicated t a s k s  
performed w i t h  delayed feedback. Simpler t a s k s  seemed b e s t  s u i t e d  f o r  t h e  
experimental  a n a l y s i s .  
During t h e  e a r l y  tests, t h e  t e l e v i s i o n  camera w a s  f i t t e d  w i t h  a t u r r e t  
of t h r e e  l e n s  (12.5,  25 and 50 mm). By pushbutton c o n t r o l ,  t h e  ope ra to r  
could index t h e  t u r r e t  t o  select any one of t h e  t h r e e  l e n s .  
Various l i g h t  i n t e n s i t i e s  and l i g h t i n g  ang le s  w e r e  compared. D i f f e r e n t  
s i z e  t e l e v i s i o n  monitors  (10, 17, 19, and 23 inch models) were also evaluated 
by s u b j e c t s  and experimenter.  
The primary purpose of t h e s e  pre l iminary  tests w a s  t o  determine s u i t -  
a b l e  experimental  cond i t ions  ( i .e .  l i g h t i n g ,  camera angle ,  l ens ,  e t c . )  and 
t o  select  r e p r e s e n t a t i v e  t a s k s  f o r  a more thorough f a c t o r i a l  s tudy  of remote 
manipulat ion.  
Seve ra l  of t h e  pre l iminary  tests w e r e  f i lmed and t h e  f i l m s  e d i t e d  i n t o  
a 1 6  mm movie which v i v i d l y  demonstrates  t h e  d i f f i c u l t i e s  of manipulat ion 
wi th  feedback de lay .  * 
"This movie and a p o r t i o n  of t h e  pre l iminary  r e s u l t s  were included i n  a 
p r e s e n t a t i o n  by T. B o  Sheridan and J, L, Nevins a t  t h e  NASA Teleopera tor  
Conference, 1 2  March 1970, 9ouston, Texas. 
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C. DESCRIPTION O F  TASKS AXD TASK SECYEATS 
Eased on t h e  background and exner ience  gained durinrr t h e  nre l iminarv  
, tests, t h r e e  r e p r e s e n t a t i v e  t a s k s ,  each wi th  a laree and s m a l l  s c a l e ,  were 
chosen f o r  t h e  f a c t o r i a l  s tudv.  The t a s k s  were: 1 . )  block s t ack ing ,  
2 . )  t r a n s f e r r i n g  a c y l i n d r i c a l  Deg from or.e ho le  t o  another ,  3 . )  p v i t i o n -  
i n?  a p la te  with a c e n t e r  h o l e  over  a v e r t i c a l  pep (See F igures  7 a , l> ,c ) .  
These t a s k s  were considered b a s i c  t o  almost a l l  common manipula t ions ,  and 
thev a r c  no t  so prolonged o r  complicated as t o  cause the  s u b j e c t  f a t i g u e  
o r  f r u s t r a t i o n .  
For convenience,  i n  t h e  remaining s e c t i o n s  of t h i s  r enor t  t h e  t a s k s  
have been r e f e r r e d  t o  as Task /,l, Task # 2 ,  and Task # 3 .  
Task #l: Task #1 requi red  s t ack inp  two i d e n t i c a l ,  cub ica l  blocks 
(Fipure 7 a ) .  On t h e  command, "go," t h e  s u b j e c t  moved t h e  s l a v e  from a 
f ixed  s t a r t i n g  p o s i t i o n  t o  g ra sp  t h e  f i r s t  block and then  Dlaced i t  on 
t h e  second block. To compare t h e  e f f e c t s  of scale, one pa i r  of blocks 
used were 1 .5  inches  on a s i d e ,  and a second p a i r  were on lv  0.5 inches  on 
a s i d e ,  t h e  l a r g e  and smal l  s c a l e s  r e s p e c t i v e l v .  
-- T a s k  # 2 :  The o b j e c t i v e  i n  Task #2 (Figure 7 b) was t o  t r a n s f e r  a 
c y l i n d r i c a l  nee. from o r e  v e r t i c a l  h o l e  t o  another .  The peg was four  inches 
long and 0.5 inches  i n  diameter .  For t h i s  t a s k  l a r g e  and s m a l l  s c a l e  v a s  
dependent on t h e  diameter  of t h e  f i n a l  ho le .  The small scale ve r s ion  re- 
w i r e d  t h a t  t h e  ope ra to r  p o s i t i o n  t h e  0.5 inch  neg i n t o  a ho le  0.625 inches 
i n  diameter .  The l a r g e  s c a l e  w a s  t h e  s a m e  peg i n t o  a ho le  1.0 inch  i n  
d i a m e  t e r 
Sca le  m a v  a l s o  be thought of i n  terms of a t a s k  p rec i s ion  index. The 
p rec i s ion  index is  t h e  c l ea rance  between t h e  neg and t h e  hole  i n t o  which 
the  peg is beiny. i n s e r t e d .  I n  Task # 2 ,  l a r g e  s c a l e  corresnonds t o  a 








p r e c i s i o n  index  (1.0 - 0.5 = 0.5) of 0.5, and a small scale t o  an index  
(0.625 - 0.5 = 0.125) of 0.125. 
Task #3: A t h i n  p l a t e  w i t h  one h o l e  a t  its c e n t e r  w a s  pos i t i oned  over 
a v e r t i c a l  peg f o r  Task #3 (Figure 7 c) .  The p l a t e  was 1.625 inches  
squa re ,  0.25 inches  t h i c k  and t h e  c e n t e r  h o l e  w a s  e i t h e r  0.625 inches  
diameter f o r  s m a l l  scale o r  1.0 inch diameter f o r  l a r g e  scale. 
d iameter ,  0.5 inches ,  w a s  t h e  same i n  a l l  t h e  tests. Again as i n  Task #2, 
l a r g e  scale equa l s  a p r e c i s i o n  index of 0 .5  and s m a l l  scale an index of 
0.125. 
The peg ' s  
A l l  t h e  t a s k  o b j e c t s  were made from wood. To accen tua te  c e r t a i n  
important areas and edges,  p o r t i o n s  of t h e  o b j e c t s  were pa in t ed  f l a t  b l ack  
o r  whi te .  For example, t h e  i n s i d e  s u r f a c e s  of h o l e s  w e r e  made b l ack  and 
t h e  surrounding area whi te .  The ends of pegs were b lack  and the  cy l in -  
d r i c a l  s u r f a c e s  whi te .  These co lo r ings  a s s i s t e d  t h e  s u b j e c t s  i n  adap t ing  
t o  the  poor depth pe rcep t ion  and l i m i t e d  r e s o l u t i o n  of v i d e =  viewing. 
Task Segment: I n  o r d e r  t o  ana lyze  more thoroughly t h e  e f f e c t s  of 
t r ansmiss ion  de lays ,  a l l  of t h e  t a s k s  were segmented i n t o  t h r e e  b a s i c  com- 
ponents ( t h i r b l i g s )  : "ge t ,  i d  I i  t r a n s p o r t ,  and "pos i t i on"  (or Itplace").  
During t h e  exper iments ,  completion t i m e  f o r  each of t h e  segments as w e l l  
as a t o t a l  completion t i m e  f o r  t h e  e n t i r e  t a s k  w a s  recorded. 
" G e t ) ' :  The f i r s t  movements of a manipulatory t a s k  c o n s t i t u t e d  t h e  
"get" segment. The "get" w a s  t h e  t a s k  p o r t i o n  spen t  g e t t i n g  t h e  o b j e c t  
t o  be s t a c k e d ,  t r a n s f e r r e d ,  p o s i t i o n e d ,  e tc .  The "get" began when t h e  
t a s k  began and ended when t h e  target o b j e c t  w a s  s e c u r e l y  grasped. 
Transport": The " t r anspor t "  segment was more d i f f i c u l t  t o  d e f i n e  i n  11 
s p e c i f i c  t e r m s .  Obviously, t r a n s p o r t  began a f t e r  t h e  t a r g e t  o b j e c t  had 
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been grasped,  and as soon as movement s t a r t e d  toward t h e  t a s k ' s  f i n a l  
s ta te .  However, t h e r e  e x i s t e d  a much less d e f i n i t e  boundary between 
the  end of t he  " t r anspor t "  seement and t h e  beginning of pos i t i on ing .  
Very o f t e n  coarse  p o s i t i o n i n g  moves overlapped wi th  t r a n s p o r t i n g ,  and 
i t  w a s  d i f f i c u l t  t o  d i f f e r e n t i a t e  t he  two. 
Rather  than s p e c i f y  an a r b i t r a r y  d i s t a n c e  o r  boundary a t  which 
t r a n s p o r t i n g  would end and p o s i t i o n i n g  begin ,  t h e  experimenter chose 
t o  judge the change independent ly  during each performance of  t h e  t a sks .  
The judgment w a s  based on h i s  observa t ion  of coa r se  movement ending and 
f i n e  movements beginning. This  u sua l ly  occurred when t h e  edge of t h e  
o b j e c t  being t r anspor t ed  w a s  w i th in  one o r  two o b j e c t  widths  of i t s  
f i n a l  pos i t i on .  
Since the  experimenter  w a s  always a b l e  t o  adequate ly  a n t i c i p a t e  t h e  
segment 's  boundary, h i s  r e a c t i o n  t i m e  should n o t  have con t r ibu ted  s i g -  
n i f i c a n t l y  t o  t h e  experimental  e r r o r .  Also, t h e  exper imenter ' s  judging 
cons is tancy  w a s  e a s i l y  checked us ing  the  video t apes  produced during 
each test  se s s ion .  By video playback, t h e  t a s k s  segments could be 
repea ted ly  timed and t h e  t i m e s  compared. This technique f o r  checking 
and comparing da ta  reduced t h e  e f f e c t s  of t h e  exper imenter ' s  judgment 
e r r o r .  
"Posi t ion":  The "pos i t ion"  se5ment w a s  t h e  a l i g n i n g  p l ac ing ,  and 
r e l e a s i n g  of t h e  t r anspor t ed  o b j e c t .  Since "pos i t ion"  began when t h e  
" t r anspor t "  ended, d i f f i c u l t i e s  i n  determining i t s  boundary w e r e  e x a c t l y  
t h e  same as those  prev ious ly  d iscussed  
the  "pos i t ion"  segment corresponded t o  
f o r  " t r anspor t . "  The end of 
t h e  end of t he  t a sk .  
22 
D. TEST PROCEDURE 
4 
A "treatment by s u b j e c t "  exper imenta l  des ign  w a s  used t o  s tudy  t h e  
manipula t ions  performed wi th  and wi thout  feedback de lay .  Ten observa t ions  
( r e p l i c a t i o n s )  were recorded f o r  each combination of v a r i a b l e s  ( 3  s u b j e c t s ;  
2 t r ea tmen t s  - delay ,  no de lay ;  3 t a s k s ;  2 scales): i .e .  360 tr ials pro- 
duced t h e  d a t a  compiled i n  t h i s  s tudy .  The experiment w a s  d iv ided  i n t o  
e igh teen  test  s e s s i o n s  wi th  twenty t r ia l s  p e r  s e s s ion .  Each s u b j e c t  
opera ted  t h e  manipulator dur ing  s i x  such s e s s i o n s .  
The s u b j e c t s  were t h r e e  male s t u d e n t s ,  two undergraduate and one 
graduate .  P r i o r  t o  t h i s  i n v e s t i g a t i o n ,  they had n o t  opera ted  a remote 
manipulator.  To f a m i l i a r i z e  themselves w i t h  t h e  t a s k s  and manipula tor ,  
each s u b j e c t  p r a c t i c e d  1.5 hours p e r  day on t h r e e  consecut ive  days. 
Based on t h e  p re l imina ry  tests and completion t i m e s  recorded dur ing  t h e  
p r a c t i c e  s e s s i o n s ,  4.5 hours of manipula tor  exper ience  (delay and no de lay)  
w a s  s u f f i c i e n t  t o  reach  a p l a t e a u  i n  o p e r a t o r ' s  l e a r n i n g .  
T e s t  s e s s i o n s  began the  f o u r t h  day; each s u b j e c t  w a s  scheduled f o r  one 
s e s s i o n  p e r  day f o r  s i x  consecut ive  days. Unfor tuna te ly ,  equipment 
f a i l u r e s  c o n t i n u a l l y  i n t e r r u p t e d  t h e  scheduled tests. A f t e r  a n  in t e r rup -  
t i o n ,  s u b j e c t s  were given a p r a c t i c e  s e s s i o n  t o  r ega in  t h e i r  s k i l l  be fo re  
d a t a  t ak ing  resumed 
Task completion t i m e  w a s  t h e  measure of o p e r a t o r  performance. The 
s u b j e c t s  were i n s t r u c t e d  t o  complete t h e  t a s k s  as qu ick ly  as  p o s s i b l e  
wi thout  making e r r o r s .  
An e r r o r  w a s  any i n c o r r e c t  move o r  series of moves which d i s o r i e n t e d  
t h e  t a s k  c o n f i g u r a t i o n  s o  as t o  change t h e  b a s i c  o b j e c t i v e  of t h e  t a s k .  
\?hen an  e r r o r  occurred t h e  t r i a l  was te rmina ted  and repea ted  a t  a l a te r  
t i m e  dur ing  t h e  test s e s s i o n  e 
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The s u b j e c t s  were pa id  $2.00 p e r  test s e s s i o n ,  r e g a r d l e s s  of t he  t i m e  
requi red  t o  complete twenty t a s k  trials. This  form of remuneration w a s  
i n c e n t i v e  f o r  improved performance and minimized e r r o r s ,  s i n c e  these  
f a c t o r s  d i r e c t l y  inf luenced  t h e  test s e s s i o n  l eng th  and hence t h e  s u b j e c t ' s  
nominal hour ly  wage. 
By concent ra t ing  on being quick and p r e c i s e ,  twenty accep tab le  t r ia l s  
were p o s s i b l e  i n  less than  t h i r t y  minutes:  a l l  s u b j e c t s  qu ick ly  achieved 
t h i s  s tandard  of performance. As a d d i t i o n a l  i n c e n t i v e  the  experimenter  
a t tempted t o  s t i m u l a t e  competi t ion among t h e  s u b j e c t s  by comparing t h e i r  
completion times 
Early test s e s s i o n s  were n e a r l y  one hour i n  length .  
A s  wi th  a l l  experiments involv ing  human s u b j e c t s ,  t h i s  s tudy  w a s  
in f luenced  by boredom, f a t i g u e ,  l e a r n i n g ,  e t c .  To minimize any sys t ema t i c  
b i a s  from these  e f f e c t s ,  the  t a s k s  sequence w a s  randomized. The test  
s e s s i o n s  ( i . e .  t h e  o r d e r )  i n  which t h e  s u b j e c t s  performed s p e c i f i c  t a s k s  














TABLE 1 : RANDOMIZED SEQUENCE FOR PERFORl4ING TASKS 
SUBJECTS 
I _ ~  I_- -__.I_ 
B.J. 
1 8 4  3 & 6  2 & 5  
l & 4  2 & 5  1 & 4  
3 & 6  1 & 4  3 & 6  
2 & 5  3 & 6  1 & 4  
2 & 5  3 & 6  l & 4  
2 & 5  2 & 5  3 & 6  






For example, s u b j e c t  B.J, completed f i v e  tr ials of Task #19 s m a l l  scale, 
w i t h  de l ay  and f i v e  t r ia ls  wi thout  de lay  dur ing  test s e s s i o n s  1 and 4 .  
Though d e s i r a b l e  f o r  t h e  s u b j e c t s  t o  be on a l e a r n i n g  p l a t e a u  i n  manipu- 
l a t o r  ope ra t ion ,  r o t e  memory of t h e  t a s k s  would have been extremely d e t r i -  
mental  t o  t h i s  s tudy.  I f  t h e  t a s k s  had become so r o u t i n e  t h a t  they could 
have been performed "bl indfolded" t h e  test d a t a  ( p a r t i c u l a r l y  f o r  de lay)  
would have been v a l u e l e s s .  
The twenty t r ia l s  c o n s t i t u t i n g  a test s e s s i o n  cons i s t ed  of  two t a s k s  
(poss ib ly  of d i f f e r e n t  scale;  see Table  1 )  performed f i v e  t i m e s  wi th  de lay  
and f i v e  t i m e s  w i th  no de lay .  To avoid memorized movements, success ive  
test  t r i a l s  involved d i f f e r e n t  i n i t i a l  l o c a t i o n s  f o r  t h e  t a s k  o b j e c t s .  There 
w e r e  f o u r  p o s s i b l e  i n i t i a l  a r r a y s ,  though t h e  ' 'get ' '  and " t ranspor t"  d i s -  
t ances  d id  not  vary.  
coord ina te s .  
These conf igu ra t ions  are b e s t  descr ibed  by Car t e s i an  
Assuming t h e  c e n t e r  of t h e  t a s k  scene t o  be t h e  o r i g i n  of an  X,  Y ,  Z 
coo rd ina te  system wi th  a u n i t  on t h e  coord ina te  axes  corresponding t o  one 
inch ,  t h e  fou r  p o s s i b l e  l o c a t i o n s  of t h e  " t a rge t "  o b j e c t  were: ( 3 ,  4 ,  O ) ,  
(-3, 4 ,  0), ( -39  - 4 ,  0) and ( 3 ,  - 4 ,  0) .  The corresponding l o c a t i o n s  of t h e  
j a w s  (i.e. t h e i r  s t a r t i n g  p o s i t i o n )  were: ( 2 ,  -1, l . 5 ) 9  (-2, -1, 1 * 5 ) $  
( - 2 9  1, 1.5) and ( 2 ,  1, 1 .5) .  Respec t ive ly ,  t h e  f i n a l  p o s i t i o n  took on co- 
o r d i n a t e  l o c a t i o n s :  (-l9 -1, o) ,  (1, -1, o) ,  (1, 1, 0 )  and (-19 1, 0) .  
Two of t h e s e  conf igu ra t ions  are i l l u s t r a t e d  i n  F igure  8. 
I n  a d d i t i o n  t h e  t a r g e t  o b j e c t s  i n  Task #1 and 113 (block and p l a t e ,  
r e s p e c t i v e l y )  were g iven  one of  two o r i e n t a t i o n s :  a f a c e  perpendicular  t o  





t h e  camera, F igure  8 a l s o  i l l u s t r a t e s  the.se o r i e n t a t i o n s .  Because of t he  
peg ' s  symmetry i n  Task # 2 9  r o t a t i o n  of t h e  " t a rge t "  o b j e c t  would have been 
meaningless,  
The p o s s i b l e  t a s k s  conf igu ra t ions  were randomized (by random number 
t a b l e )  f o r  each test se s s ion .  
so t h a t  no two success ive  trials were i d e n t i c a l .  
A modified randomization technique w a s  used 
Before a t r i a l  began t h e  s u b j e c t s  w e r e  al lowed t o  a d j u s t  t h e  camera 
a n g l e  f o r  optimum viewing of t h e  t a s k  conf igu ra t ion .  However, no a d j u s t -  
ments were permi t ted  dur ing  t h e  manipulat ion,  s i n c e  t h i s  uncont ro l led  v a r i a b l e  
would have con t r ibu ted  t o  t h e  t a s k  completion t i m e .  
A f t e r  t h e  o b j e c t s  were p rope r ly  arranged and a s u i t a b l e  camera ang le  
se t ,  t h e  ope ra to r  pos i t i oned  t h e  jaws on t h e  s t a r t i n g  block. H e  then 
s e l e c t e d  t h e  proper  manipulat ion mode, de l ay  o r  no de lay ,  as s p e c i f i e d  by 
t h e  experimenter.  With every th ing  i n  a I1ready" state, t h e  experimenter 
s t a r t e d  a t r i a l  w i t h  t h e  v e r b a l  command: 1-2-3-GO. 
Simultaneously,  he  s t a r t e d  two e l e c t r o n i c  timers by p res s ing  a hand- 
The microswitch pulsed a s tepping  r e l a y ,  which i n  t u r n  held microswitch.  
c o n t r o l l e d  t h e  timers. One t i m e r  recorded t o t a l  e lapsed  t i m e  and t h e  o t h e r  
recorded "get" completion t i m e .  
menter pulsed t h e  r e l a y  aga in ,  s topping t h e  "get" c lock  and s t a r t i n g  t h e  
A t  t h e  end of t h e  "get" segment t h e  experi-  
t r anspor t "  timer. T h i s  procedure cont inued u n t i l  t h e  t a s k  w a s  completed; 
then  both  t h e  "posi t ion ' '  and t o t a l  e lapsed  t i m e  c locks  were stopped simul- 
taneously.  The t i m e s  ("get , I 1  " t r anspor t  "pos i t ion ,11  and " to t a l " )  were 
recorded t o  t h e  n e a r e s t  .05 seconds.  
I f  
A f t e r  each test s e s s i o n ,  a l l  t h e  experimental  d a t a  w a s  checked by 
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viewing video playbacks, Every t r i a l  w a s  observed and the segments retimed 
repeatedly. A l s o ,  from viewing the video tapes t h e  experimenter counted 
and recorded t h e  number of waits for  feedback when the manipulation w a s  w i t h  
delay 
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KJALYSIS AID DISCUSSTON OF RESULTS 
A. 1zI1AKS AND STANDARD DEVIATIOXS OF C@N'LI?TIOX TEES AMD ''?W3EQ OF WATTS: 
Data recorded during t h i s  s tudy were t h e  t o t a l  t a s k  completion 
t i m e s ,  t h e  t a s k  segment completion t i m e s  and t h e  number of waits f o r  
feedback during t a s k s  with delay.  The f i r s t  s t ep  i n  t h e  d a t a  a n a l v s i s  
w a s  t o  c a l c u l a t e  means and s t a n d a r d  d e v i a t i o n s  averaged over  v a r i o u s  
margins of t h e  a r r a y  of experimental  c o n d i t i o n s .  Appendix E c o n t a i n s  
t a b l e s  of v a l u e s  r e s u l t i n a  from t h e s e  c a l c u l a t i o n s .  
The means and s tandard  d e v i a t i o n s  averaged over  t h e  t h r e e  s u b j e c t s  
and presented h e r e  i n  Tables  2 and 3 are t h e  most com-nonlv used i n  f u r t h e r  
analvzina and d i s c u s s i n g  t h e  experimental  r e s u l t s .  A l s o  l i s t e d  i n  t h e s e  
t a b l e s  sre v a l u e s  f o r  t h e  percent  of t h e  t o t a l  t i m e  required by t h e  v a r i o u s  
t a s k  segments and a consistenc.7 index, I e The s i g n i f i c a n c e  of t h e s e  nara- 
meters w i l l  be  d iscussed  i n  l a te r  paragraphs of t h i s  s e c t i o n .  
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The t a b l e s  show, as w a s  expected,  t h a t  t h e  completion t i m e s  f o r  
manipulat ions w i t h  d e l a y  are very  much longer  than  completion t i m e s  on t h e  
same t a s k s  (or  t a s k  segments) without  de l ay .  The t a b l e s  a l s o  nresent  
more s u b t l e  r e s u l t s :  t h e  e f f e c t s  of s c a l e  on t a s k  completion t i m e s  and 
segment completion times: t h e  e f f e c t  of d e l a y  on t h e  t a s k  segments and 
t h e i r  r e l a t i v e  p r o p o r t i o n  of t h e  t a s k  t i m e ;  t h e  e f f e c t  of de lav  on t h e  
re la t ive v a r i a b i l i t y  of completion t i m e s .  These and o t h e r  f a c t o r s  are  
more thoroughly analyzed i n  paragraphs B throuph F of t h i s  s e c t i o n .  
A s  t h e  t a b l e s  i n d i c a t e ,  a l l  t h e  t a s k  t i m e s ,  w i t h  de lay  o r  no d e l a v ,  
have r e l a t i v e l v  hiph s tandard  d e v i a t i o n s .  Y e t  t h e  writer contends t h a t  
t h e  s u b j e c t s  reached a l e a r n i n g  p l a t e a u  b e f o r e  test d a t a  was recorded. 
Di f fe rences  i n  t h e  way t h e  t a s k  was performed t h e  seouence of a c t  ions 
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and subpoals ,  d i f f e r e n t  p a t h s  and d i s t a n c e s  moved a l l  c o n t r i b u t e  t o  
t h e  v a r i a b i l i t y .  There was no a t tempt  t o  s t u d v  o r  q u a n t i f v  many of 
t h e s e  e f f e c t s  o t h e r  than to l e t  them e n t e r  i n t o  t h e  n n a l v s i s  of v ? r i a n c e  
( t o  fol low) as random v a r i a b i l i t v .  I n  t h e  a n a l v s e s  which fo l low t h e  
d a t a  h a s  been assumed normally d i s t r i b u t e d  without  a l e a r n i n g  h i a s .  
32 
J3 e TECHNIQUES AVJ) STRATEGIES OF FmANIPUT,ATTON : 
Without excep t ion ,  a l l  t h e  s u b j e c t s  t e s t e d  (includinp: t hose  dur inp  
t h e  p re l imina ry  experiments) adopted a move-and-wait s t r a t e e v  t o  coDe wi th  
t h e  dclaved feedback. P r i o r  t o  t e s t i n g  they  were no t  i n s t r u c t e d  i n  
p o s s i b l e  techniques  nor  were tliev f a m i l i a r  wi th  prev ious  delaved feedback 
s t u d i e s ;  t o  move "open loop ,"  then  wait f o r  feedback was t h e i r  n a t u r a l  
tendency. A t  f i r s t  t h e  n o t i o n s  were t o o  l a r g e  i n  every d i r e c t i o n ,  but 
t h i s  overshoot diminished wi th  p r a c t i c e  and experience.  
Gross movements, n o t  r c s t r j c t e d  bv c l o s e  t o l e r a n c e  (i .e.  " t r a n s p o r t , "  
par ts  of " E e t  , I '  e t c . )  , were accomplished wi th  larEe moves and l i t t l e  regard  
f o r  p rec i s ion .  Plore p r e c i s e  movements ( a l i g n i n g ,  pos i t ion inR,  p l ac iny )  
r equ i r ed  many small  amplitude moves, each followed by a wait f o r  feedback. 
The more p r e c i s i o n  involved ,  t h e  g r e a t e r  t h e  number of moves, hence a 
g r e a t e r  number of waits and a longer  completion t i m e .  
'Flovements were most o f t e n  ac ross  manipula tor  deprees  of freedom r a t h e r  
than i n  one degree a t  a t i m e .  The s u b j e c t s  used t h i s  technique confo r t ab lv  
and n a t u r a l l y .  I n  f a c t ,  t r a i n i n g  t h e  o p e r a t o r  t o  a l i g n  t h e  s l a v e  f i r s t  i n  
one degree ,  then i n  another  would have been d i f f i c u l t .  
A major problem f o r  t h e  o p e r a t o r  was phys ica l  " d r i f t i n g "  wh i l e  wa i t inz  
3 . 5  seconds € o r  feedback. Even though they were allowed t o  u s e  t h e i r  l e f t  
hand t o  h e l p  s t a b i l i z e  t h e  master c o n t r o l  ( i t s e l f  a rieht-handed c o n t r o l ) ,  
they always had d i f f i c u l t y  m a i n t a i r i n g  t h e  end p o s i t i c n  durinp: a move-and- 
wai t  sequence. J u s t  r e s p i r a t i o n  causes  body motions canable  of s i y n i f i c a n t  
master c o n t r o l  d r i f t ,  n a r t i c u l a r l v  during t a s k s  r e q u i r i n p  verv  a c c u r a t e  
alignments.  TJith o p e r a t o r  f a t i g u e ,  d r i f t  becomes a n o r e  s e r i o u s  nroblem, 
S i m i l a r l v  lonEer de l avs  r e a u i r e  lonper  "holds" i n c r e a s i n a  t h e  nrohab ilitv 
of dr ;  f t  
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Six-c'eerees of freedom manipulation without force feeclhac-lc vas a l s o  
problematic.  Sub jec t s  a c c i d e n t a l l y  wasted t i m e  hv pres s ina  t h e  jaws d o ~ m  
hard enough a g a i n s t  t h e  t a s k  p lane  (o r  t a s k  o b j e c t s )  t o  nre=rent o t h e r  
movement of t h e  manipulator.  For exanple,  i f  an o p e r a t o r  Dosit ioned the 
master c o n t r o l  j a w s  lower than  t h e  t a s k  p lane  ? e m i t t e d  t h e  s l a v e  javs, 
t h e  servo-mechanisms forced t h e  s l a v e  t i a h t l v  a g a i n s t  t h e  t a s k  n lane  makinR 
s l a v e  movements i n  any d i r e c t i o n  bu t  "Z" (up) i q n o s s i b l e .  !.!it12 no f o r c e  
feedback t h e  o n e r a t o r  had no wav of determininp how t i g f i t l v  he was " t r a m i n a "  
t h e  s l a v e .  The s i t u a t i o n  sometimes went uncorrec ted  f o r  s e v e r a l  c v c l e s ,  
p a r t i c u l a r l y  i f  t h e  o p e r a t o r  thought t h e r e  was danger of losinp an o the r -  
w i s e  good p o s i t i o n .  
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C. AKALYSIS OF VARIAYCE RESULTS 
To s t u d y  t h e  e f f e c t  of scale and t o  compare t h e  s u b j e c t ' s  Derformance, 
5 
a two-way a n a l y s i s  of v a r i a n c e  h a s  been performed. Data from d i f f e r e n t  
t a s k s  were t r e a t e d  s e p a r a t e l y .  For each t a s k  segment and f o r  each condi- 
t i o n ,  de lay  o r  no d e l a y ,  a sum of squares  t a b l e  w a s  computed from which t h e  
6 
a p p r o p r i a t e  F r a t i o s  were c a l c u l a t e d .  The r e s u l t s  of t h e  F r a t i o  t e s t s ,  
consul t ing  a Table of Snedecor 's  F ,  are given i n  Table 4 .  
7 
Subject  d i f f e r e n c e s :  For a l l  cases of manipulat ion without  de lav  and - --- 
€or  most cases of manipulat ion w i t h  d e l a y ,  t h e  F t es t  € o r  s u b j e c t  d i f f e r e n c e s  
was no t  s t a t i s t i c a l l y  s i g n i f i c a n t .  Thus, f o r  t h e  remainder of t h i s  r e p o r t ,  
t h e  s u b j e c t s  w i l l  be considered independent,  unbiased nerformers of t h e  
assigned t a s k s .  R e s u l t s  and conclusions w i l l  be  based on experimental  d a t a  
averaged over  a l l  t h r e e  s u b j e c t s .  
Scale e f f e c t s :  The two-way v a r i a n c e  a n a l v s i s  a l s o  produced h e l p f u l  
i n s i g h t  i n t o  t h e  e f f e c t  of scale on remote manipula t ion ,  TTith and without  
delay.  Table  4 l ists  t h e  F- tes t s  r e s u l t s  f o r  scale e f f e c t s .  
_.I- Task  #l: Block s t a c k i n g  w a s  t h e  most in f luenced  by scale .  I n  both 
t h e  de lay  and no de lay  case, t h e  scales t e s t e d  s i R n i f i c a n t l y  d i f f e r e n t  a t  
verv h i p h  confidence levels .  This  vas no t  a surDris inE r e s u l t  cons ider in?  
t h a t  t h e  l a r g e  sca. le  was s t ac l t i n r  blocks 1.5 inches  on a s i d e ;  and,  t h e  
small scale requi red  s t a c k i n g  blocks o n l v  0.5 inches  on a s i 6 e .  The nre- 
c i s i o n  necessary  t o  perform t a s k s  of t h e s e  two s c a l e s  i s  obviouslv verv  
d i f f e r e n t .  Iiowever, t h i s  s t a c k i n g  n r e c i s i o n  onlv  accounts  f o r  t h e  scale 
e f f e c t  during t h e  "pos i t ion"  seyment. Explanat ion o f  scale e f f e c t  on t h e  
' 'get ' '  and " t ranspor t"  segments was n o t  as obvious: i t  was necessarv  t o  
examine more c l o s e l y  t h e  r e l a t i o n s h i o  of t h e  Dhvsical dimensions of t h e  
t a s k  m a n i m l a t o r  jaws, and b l o c k ' s  edge, 
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Task #19 Ifget.": The "get" segment r e q u i r e s  a movement and pos i t i on -  
ing of t h e  j a w s  i n  o r d e r  t o  g ra sp  t h e  block. Pos i t i on ing  j a w s  0.5 inches  
wide along t h e  s i d e s  of a 1.5 inch  b lock  was much less d i f f i c u l t  than  
pos i t i on ing  t h e  same j a w s  a long t h e  s i d e s  of a 0 .5  inch  block, This  d i f -  
f e r ence  i n  d i f f i c u l t y  t ransforms i n t o  s i g n i f i c a n t l y  d i f f e r e n t  (>97.5% 
l e v e l  w i th  no de lay  and >99.% level wi th  de l ay )  mean "get" t i m e s .  
Task i l lB " t ranspor t" :  A s i m i l a r l y  s u b t l e  e f f e c t  of scale w a s  noted 
The ' ' t ranspor t"  completion t i m e  f o r  t h e  " t r anspor t1 '  segment of Task #la 
w a s  increased  when g r e a t e r  p r e c i s i o n  w a s  r equ i r ed  t o  s t a c k  blocks of d i f -  
f e r i n g  scale. Although t h e  d i s t a n c e  between block c e n t e r s  w a s  t h e  same 
i n  each case, t h e  nominal d i s t a n c e  a block w a s  moved be fo re  f i n e  pos i t i on -  
ing began, v a r i e d  wi th  scale. A s  prev ious ly  noted ,  i n  "Design of t h e  
Experiment," t r a n s p o r t i n g  and c o a r s e  p o s i t i o n i n g  u s u a l l y  changed t o  f i n e  
pos i t i on ing  when t h e  edge of t h e  o b j e c t  being t r anspor t ed  w a s  w i th in  one 
t o  two o b j e c t  widths  of i t s  f i n a l  p o s i t i o n .  Thus, i n  t h e  s p e c i f i c  case of 
block s t ack ing ,  a l a r g e  block 1.5 inches  wide, reduced t h e  " t ranspor t"  
d i s t a n c e  ( 6 . 4  inches)  by from 1.5 t o  3.0 inches .  Whereas a small block,  
on ly  0.5 inches  wide, reduced t h e  " t r anspor t "  d i s t a n c e  by from 0.5 t o  1 .0  
inches.  
d i f f e r e n t  mean " t r anspor t "  t i m e s .  
These d i f f e r e n c e s  i n  nominal " t ranspor t"  d i s t a n c e s  r e s u l t e d  i n  
Only f o r  t h e  block s t ack ing  t a s k  d i d  t h e  width of t h e  t ranspor ted  
o b j e c t  change wi th  scale; hence, no scale e f f e c t s  of t h i s  n a t u r e  are ex- 
pected f o r  ' ' t ranspor t"  segments of Task 112 and Task #3 .  The v a l i d i t y  of 
t h i s  expec ta t ion  w a s  t e s t e d  and r epor t ed  i n  a succeeding paragraph. 
Tasks #2 and #3, "get": S c a l e  d i d  not  a f f e c t  t h e  "get" t i m e  of Tasks 
#2 or  #3; though t h e  scales d i f f e r e d ,  t h e  o b j e c t  t h e  ope ra to r  g ra sp  d id  
not  change i n  a way t h a t  could in f luence  t h e  "get" completion t i m e . ,  In  
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t h e  peg t r a n s f e r ,  Task #2, t h e  h o l e ' s  dimension ( t h e  f i n a l  p o s i t i o n  of 
t h e  peg) and no t  t h e  peg, w a s  changed t o  produce l a r g e  and small s c a l e s ,  
S imi l a r ly ,  t h e  c e n t e r  ho le  of t h e  p l a t e  i n  Task 83 va r i ed  wi th  s c a l e  
v a r i a t i o n s ,  bu t  t h e  o u t s i d e  phys ica l  dimensions of t h e  p l a t e  ( t h e  dimen- 
s i o n s  important t o  grasp ing)  d id  not  change. Therefore  g e t t i n g  t h e  l a r g e  
o r  small s c a l e  p l a t e  (or  peg) requi red  e x a c t l y  t h e  same movements and 
p rec i s ion .  
a b l e  r e s u l t :  The g e t  segment of manipulat ion,  w i th  or without de l ay ,  is 
not  a f f e c t e d  by scale (hole  s i z e )  i f  t h e  o u t s i d e  dimensions of t h e  o b j e c t  
t o  be grasped do not  change, 
The a n a l y s i s  of va r i ance  ag rees  wi th  t h e  obviously p red ic t -  
Tasks f 2  and #3, " t ranspor t" :  I n  t h e  c a s e  of manipulat ion without 
de lay ,  t h e  va r i ance  ana lyses  f o r  Tasks #2  and #3 concurred wi th  t h e  pre- 
v ious ly  pred ic ted  r e s u l t s :  varying t h e  scale d id  not  a f f e c t  t h e  " t rans-  
por t"  segment i f  t h e  o u t s i d e  dimensions of t h e  o b j e c t  being t r anspor t ed  
were independent of scale (hole  s i z e ) .  
However, t h e  same t a s k s  wi th  de l ay  have produced r e s u l t s  seemingly 
(Task # 2 9  s c a l e  e f f e c t  >go.% l e v e l ;  Task #3* scale e f f e c t  >70.% l e v e l )  
con t r a ry  t o  t h e  expected outcomes. These scale e f f e c t s  on " t ranspor t ' '  
wi th  de lay  were most e a s i l y  understood as fol lows:  when the  s u b j e c t s  
were confronted wi th  a small scale t a s k ,  they tended t o  move more cau- 
t i o u s l y  near  t h e  end of t h e  t r a n s p o r t  segment (i.e. coarse  p o s i t i o n i n g ) .  
This  coa r se  pos i t i on ing  cons i s t ed  of making slow movements and occas iona l ly  
s topping t o  w a i t  f o r  feedback. Every w a i t  f o r  feedback increased  t h e  
completion t i m e  by an  amount s l i g h t l y  g r e a t e r  than t h e  de lay .  For t h i s  
s tudy  t h e  de lay  w a s  3,5 seconds,  so a s i n g l e  w a i t  near t h e  end of t h e  t r ans -  
p o r t  segment would i n c r e a s e  t h e  t r a n s p o r t  completion t i m e  by more than 
3.5 seconds. 
segments of Task /I2 have means d i f f e r i n g  by only  1 .9  seconds, 
f o r  coa r se  pos i t i on ing  feedback dur ing  every o t h e r  performance of t h e  
t a s k  would account f o r  t h i s  d i f f e r e n c e .  The preceding argument a l s o  
a p p l i e s  t o  t h e  in f luence  of s c a l e  on t r a n s p o r t  t i m e s  wi th  de lay  i n  Task 
t 3  * 
Table 4 shows t h e  l a r g e  and s m a l l  scale " t ranspor t"  
One w a i t  
Task #2$ "posi t ion1 ' :  The most s u r p r i s i n g  r e s u l t s  of t h e  a n a l y s i s  of 
var iance  are t h e  s i g n i f i c a n c e  l e v e l s  f o r  s c a l e  e f f e c t s  on the  pos i t i on ing  
segment of Tasks /I2 and #3e 
For Task # 2 9  without  de l ay ,  s c a l e  e f f e c t s  are s i g n i f i c a n t  a t  a very 
high l e v e l  (>99,95%). 
t h e  e f f e c t  of s c a l e  on t h e  same manipulat ion wi th  de lay .  
a n a l y s i s  seems t o  c o n t r a d i c t  t h i s  expec ta t ion  by r e g i s t e r i n g  a scale e f f e c t  
s i g n i f i c a n t  a t  on ly  the  >70.% l e v e l .  The fol lowing are p l a u s i b l e  s ta t is t i -  
c a l  and q u a n t i t a t i v e  reasons  f o r  t h i s  phenomenon. 
A similar confidence l e v e l  would be expected f o r  
The va r i ance  
F i r s t ,  t h e  a n a l y s i s  of va r i ance  ind ica t ed  a s i g n i f i c a n t  sub jec t - sca l e  
" i n t e r a c t i o n "  ( a t  >95.% l e v e l ) ,  Tes t ing  f o r  an  i n t e r a c t i o n  is t h e  f i r s t  
F test of t h e  va r i ance  a n a l y s i s .  I f  t h e  i n t e r a c t i o n  tests s i g n i f i c a n t  
a t  a meaningful l e v e l ,  then t h e  formats  of t h e  remaining F tests change, 
(An example i s  o u t l i n e d  i n  Appendix C ). To show only  those  s i g n i f i c a n t  
d i f f e r e n c e s  i n  means which are not  a f u n c t i o n  of i n t e r a c t i o n ,  t h e  d a t a  
must be t r e a t e d  as i f  t h e r e  were only s i n g l e  obse rva t ions  ( r a t h e r  than 
t h e  1 0  performed i n  t h i s  s tudy)  f o r  each combination of sub jec t  and scale. 
Thus the  a n a l y s i s  w a s  obtained by d i s r ega rd ing  t h e  wi th in  groups and t o t a l  
sum of squares ,  thereby tremendously reducing t h e  degrees  of freedom i n  
t h e  F r a t i o s ,  
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For example, i f  t h e  s i g n i f i c a n c e  of t h e  i n t e r a c t i o n  e f f e c t  i n  Task  
#2 had been r e j e c t e d ,  t h e  s c a l e  e f f e c t  F r a t i o  would equal  5.9 wi th  I 
and 56 degrees  of freedom i n  numerator and denominator r e s p e c t i v e l y ,  
This  F r a t i o ,  according t o  t h e  Table  of Snedecor 's  F, sugges ts  t h e  scale 
e f f e c t  f o r  pos i t i on ing  wi th  de l ay  i n  Task #2 is  s i g n i f i c a n t  a t  >97.5% 
l e v e l .  However, f o r  t h e  same case ,  but  acknowledging a s i g n i f i c a n t  i n t e r -  
a c t i o n ,  t h e  F r a t i o  equaled 7.7 wi th  only  1 and 2 degrees  of freedom i n  
numerator and denominator r e spec t ive ly .  The l o s s  of degrees  of freedom 
imposed a much more s t r i n g e n t  test on t h e  scale e f f e c t  F r a t i o .  It 
t e s t e d  s i g n i f i c a n t  a t  only t h e  >70.% l e v e l .  Thus, sub jec t - sca l e  i n t e r a c t i o n  
has b lu r r ed  t h e  e f f e c t  of l a r g e  and small scales. 
S t a t i s t i c a l l y ,  t h e  i n t e r a c t i o n  w a s :  those  d i f f e r e n c e s  among means 
which can  not  be accounted f o r  by cons t an t  s h i f t s  i n  row ( sub jec t )  means 
and column ( s c a l e )  means; i.e. t h e  columns and rows have an e f f e c t  i n  
combination d i f f e r e n t  from t h e  sum of t h e i r  s e p a r a t e  e f f e c t s .  Several  
f a c t o r s  may have caused a s i g n i f i c a n t  i n t e r a c t i o n :  
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1. There w a s  no i n t e r a c t i o n  but  w e  have obtained 
a va lue  which w e  d e c l a r e  s i g n i f i c a n t .  
w i l l  happen only 5.% of t h e  t i m e  a t  a 95.% 
l e v e l  of s ign i f i cance .  
Th i s  
2. The two v a r i a b l e s  of c l a s s i f i c a t i o n  (sub- 
jects and s c a l e s )  were i n t e r a c t i n g  t o  pro- 
duce e f f e c t s  t oge the r  which would not  be 
produced s e p a r a t e l y .  
3. Another uncont ro l led  f a c t o r  was of s i g n i f i -  
can t  importance t o  be included i n  t h e  ex- 
per iments  * 
The e f f e c t  of t e l e v i s i o n  viewed manipulat ion dur ing  t h i s  s tudy  may 
e a s i l y  have been t h e  uncont ro l led  f a c t o r  which caused a s i g n i f i c a n t  i n t e r -  
a c t i o n ,  Camera ang le ,  r e s o l u t i o n  and l i g h t i n g  a l l  had an indeterminant  
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e f f e c t  on s u b j e c t ' s  performance. 
of t h r e e  dimensions when viewing a t a s k  v i a  t e l e v i s i o n  monitor.  The 
l i m i t e d  depth  pe rcep t ion  of a t e l e v i s i o n  image w a s  problematic f o r  a l l  
t h e  s u b j e c t s ,  y e t  a q u a n t i t a t i v e  s tudy of t h e  e f f e c t  w a s  impossible  s i n c e  
a video image w a s  e s s e n t i a l  t o  t h e  de lay  s imula t ion  technique. 
Most important  w a s  t he  l o s s  of a sense  
Ear ly  i n  t h e  p r a c t i c e  s e s s i o n s ,  t h e  s u b j e c t s  concentrated on adapt ing 
t o  t h e  t e l e v i s i o n  feedback. A s  depth c l u e s ,  they f i r s t  used t h e  shadows 
c a s t  by t h e  jaws and t a s k  o b j e c t s ,  then progressed t o  a higher  frequency 
t r ia l -and-er ror  method of o s c i l l a t i n g  about t h e  f i n a l  p o s i t i o n  u n t i l  
they perceived an a c c u r a t e  o r i e n t a t i o n .  The second method was  very  suc- 
c e s s f u l  w i th  no de lay  i n  t h e  feedback, but  o s c i l l a t i n g  ( a  high frequency 
t r ia l -and-er ror )  w a s  impossible  wi th  a 3.5 second de lay .  Manipulation 
wi th  feedback de lay  is  by necess i ty  move and w a i t .  
I n  Task #2 with  de l ay ,  t h e  s u b j e c t s  found t h a t  perce iv ing  e x a c t l y  
when the  peg was a c c u r a t e l y  pos i t ioned  w a s  ve ry  d i f f i c u l t .  They o f t e n  
lowered t h e  peg, th inking  i t  w a s  on-l ine wi th  t h e  hole ,  but  i n  f a c t  t h e  
peg was i n  f r o n t  o r  behind t h e  c o r r e c t  p o s i t i o n .  This  common e r r o r ,  
caused by l i m i t e d  depth  percept ion ,  occurred i n  both t h e  large and small 
scale cases .  S imi la r  e r r o r s  were not  as f r equen t  i n  block s t ack ing ,  s i n c e  
the  shadows could be more e f f e c t i v e l y  used i n  making f i n a l  p o s i t i o n  move- 
ments. However i n  Task 02  shadows were o f t e n  c a s t  i n t o ,  i n  f r o n t  o r  behind 
t h e  ho le  i n  such a way as t o  be ou t  of view. 
I n  a d d i t i o n  t o  t h e  uncont ro l led  video feedback f a c t o r s ,  t h e r e  may have 
a l s o  been a sub jec t - sca l e  i n t e r a c t i o n  of a psychological  na ture .  To t h e  
s u b j e c t s ,  p o s i t i o n i n g  a peg i n t o  a ho le  twice t h e  peg ' s  diameter  (Large 
s c a l e )  appeared very  s imple.  The f i n a l  p o s i t i o n  w a s  a much l a r g e r  " t a r g e t , "  
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so  t h e i r  psychological  a t t i t u d e  allowed them t o  be more c a r e l e s s  i n  f i n e  
pos i t i on ing .  Careless pos i t i on ing  dur ing  t h e  l a r g e  scale experiment 
coupled wi th  t h e  depth  percept ion  f a c t o r  could lave produced t h e  i n t e r -  
a c t i o n  e f f e c t ,  
Task f 3 ,  "posi t ion":  The most i n t e r e s t i n g  va r i ance  a n a l y s i s  r e s u l t s  
were those  f o r  t h e  pos i t i on ing  segments of Task # 3 *  Without de lay  t h e  
s c a l e  e f f e c t  was s i g n i f i c a n t  a t  only >70,% l e v e l .  Whereas, wi th  de lay  
t h e  l a r g e  and s m a l l  scale completion t i m e s  were s i g n i f i c a n t l y  d i f f e r e n t  
at: >97.5% l e v e l .  This  important r e s u l t  means varying t h e  t a s k  scale d i d  
not  s i g n i f i c a n t l y  change t h e  d i f f i c u l t y  of t h e  t a s k  when manipulating 
without de lay .  However, f o r  t h e  same t a s k  performed wi th  delay the  s m a l l  
scale w a s  s i g n i f i c a n t l y  more d i f f i c u l t  than t h e  l a r g e  s c a l e .  I th ink  t h i s  
is one i n d i c a t i o n  t h a t  s c a l e  ( i . e .  c l ea rance )  had a g r e a t e r  e f f e c t  on manip- 
u l a t i o n  wi th  de lay .  Task s c a l e  v a r i a t i o n s  going e s s e n t i a l l y  unnoticed i n  
t h e  no de lay  cond i t ion ,  were ampl i f ied  by delayed feedback: 
v a r i a t i o n s  became g r o s s l y  more d i f f i c u l t  wi th  delayed manipulation. 
s m a l l  t a s k  
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I). TASK SEGMENTS WITH AND WITHOUT DELAY 
A major po r t ion  of t h i s  s tudy  concerned segmenting t h e  t a s k s  and re- 
cording completion t i m e s  f o r  each segment. F igure  9 is an i n t e r e s t i n g  
i l l u s t r a t i o n  of t h e s e  r e s u l t s .  The b a r  graphs compare t h e  mean completion 
t i m e s  w i th  de lay  t o  sca l ed  (by a f a c t o r  of t en )  mean completion t i m e s  with- 
ou t  de l ay ,  The s o l i d  h o r i z o n t a l  l i n e s  i n d i c a t e  t h e  elapsed-time t r a n s i -  
t i o n s  (a mean va lue )  between t h e  va r ious  segments. The do t t ed  l i n e s  e i t h e r  
s i d e  of t h e  mean va lues  correspond t o  one s tandard  dev ia t ion .  As with  t h e  
mean completion t i m e s ,  t h e  s tandard  d e v i a t i o n s  f o r  t h e  no de lay  cond i t ion  
have been sca l ed  up by a f a c t o r  of ten .  The ba r  graphs i l l u s t r a t e  how t h e  
d i f f e r e n t  t a s k  segments con t r ibu ted  t o  t h e  " to ta l1 '  elapsed-time ( i . e .  t h e  
t a s k  completion t ime) .  The sum of t h e  segment mean completion t i m e s  equa ls  
t h e  mean t a s k  completion t i m e .  
By coincidence i n  each of t h e  s i x  t a s k  and s c a l e  cases  approximately,  
t e n  t i m e s  t h e  no de lay  t a s k  t i m e ,  equa l s  t h e  t a s k  t i m e  wi th  a 3.5 second 
feedback de lay ,  Obviously, a d i f f e r e n t  de l ay  t i m e  would not have produced 
t h i s  f a c t o r  of t e n  r e l a t i o n s h i p ,  which c o n s i s t e n t l y  a p p l i e s  wi th  less than 
10% e r r o r  i n  four  ou t  of t h e  s i x  cases  and w a s  p a r t i c u l a r l y  accu ra t e  f o r  
l a r g e  scale. Sca l ing  up the  no de lay  t i m e s  by a f a c t o r  of t en  w a s  conven- 
i e n t  f o r  g r a p h i c a l l y  d i sp l ay ing  t h e  e f f e c t s  of de lay  on t h e  propor t ions  of 
t h e  " t o t a l "  t i m e  con t r ibu ted  by the  t a s k  segments. 
I n  gene ra l ,  t h e  graphs show: 
1 )  "Transport" is  a smaller f r a c t i o n  of t h e  t o t a l  t i m e  wi th  
de l ay  than  wi thout ,  
2) "Posi t ion" wi th  de lay  took a s i g n i f i c a n t l y  g r e a t e r  pro- 
p o r t i o n  of t h e  t o t a l  t i m e  than "pos i t ion"  without delay.  
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3)  With o r  wi thout  de l ay ,  ' 'get' ' w a s  n e a r l y  a cons t an t  f r a c -  
t i o n  of t h e  t o t a l  t i m e .  
S i m i l a r l y ,  t h e  e f f e c t s  of s c a l e  on t h e  t a s k  segments Dreviouslp d i s -  
cussed i n  t h e  "ANALYSIS OF VARIANCE RESULTS" are i l l u s t r a t e d  i n  t h e  b a r  
graphs of Figure 9 a 
a f f e c t e d  by scale, s i n c e  t h e  o u t s i d e  dimensions of t h e  o b j e c t  t o  g r a s p  d id  
n o t  change wi th  s c a l e .  However, s m a l l  scale increased  t h e  p r e c i s i o n  neces- 
s a r y  f o r  p o s i t i o n i n g ,  and hence s i g n i f i c a n t l y  increased  t h e  " ~ o s i t i o n "  
t i m e  i n  a l l  t a s k s .  
" G e t "  and " t r anspor t "  i n  Task ?I2 arLd !f3 were n o t  
F igu res  10, 11 and 1 2  p r e s e n t  t h e  r e l a t i v e  t i m e  p ropor t ions  i n  another  
way. Nien t a s k  segment t i m e  is  expressed as a percentage  OF t h e  t o t a l  
completion t i m e ,  s e v e r a l  very  c o n s i s t e n t  p a t t e r n s  appear.  The f i g u r e s  
show both t h e  e f f e c t s  of scale and t h e  e f f e c t s  of de lay  on t h e  d i s t r i b u t i o n  
of t i m e  among t h e  t a s k  segments. 
With s c a l e  changes, " p o s i t i o n , r i  t h e  t a s k  component most a f f e c t e d  by 
t h e  increased  p r e c i s i o n ,  r equ i r ed  an  inc reased  amount of t i m e  wh i l e  t h e  
o t h e r  segments remained more o r  less cons t an t .  Hence, t h e  small s c a l e  
"pos i t i on"  segrrent took an  i n c r e a s i n g l y  l a r g e r  percentage  of t h e  t o t a l  
t i m e  a t  t h e  expense of "transporr_" and "get.  Th i s  w a s  a c o n s i s t e n t  t r e n d  
f o r  a l l  t h r e e  t a s k s .  
I f  
The e f f e c t s  of  manipulation wi th  de l ay  cause  a s i m i l a r ,  s i g n i f i c a n t  
change i n  t h e  d i s t r i b u t i o n  of t a s k  completion t i m e .  
segment, t h e  component r e q u i r i n g  t h e  most p r e c i s i o n ,  i s  m o s t  s e n s i t i v e  t o  
de lay .  Its inc reased  percentage  of t h e  t a s k  t i m e  r e s u l t s  i n  "get" and 
Again, t h e  "pos i t i on"  





























Also plotted in Figures 10, 11 and 12 are the percentages of the total 
[The waiting time was determined from time spent waiting during-each task. 
the mean number of waits, recorded in Table 3 ,  multiplied by the length of 
the delay (3.5 seconds).] The graph illustrates a significant result: 
total time waiting is nearly a constant fraction of the total task time for 
all three tasks, regardless of scale. 
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E. RELATIVE CONSISTENCY OF COMPLETION TIMES 
For comparing the variability of completion times with and without 
delay a consistency index has been defined as follows: 
I = G/P.fEAN 
C 
where MEAN = mean completion time 
a = standard deviation of completion time 
I ranges from 0, for an absolutely predictable completion time, to approxi- 
mately 1, indicating extreme variance. 
formula are also applicable for studying the consistency of the number of 
waits for feedback. 
The index (for time and for the number of waits) has been computed 
C 
IC, a dimensionless number, and its 
(see Tables 2 and 3)  for each combination of variables (task, scale, delay-no 
delay) and the results plotted in Figure 13 a, b, and c. A general trend 
apparent from the graphs is that the completion time for a particular seg- 
ment, task, and scale with delay was more variable than the corresponding 
completion time without delay (i.e. IC with delay > IC without delay). 
Plots also show that the I_ for waits are approximately equal to the 
I values of the 




associated segment completion times, indicating the source 
variability in I 
in the number of waits for feedback, 
for time with delay probably resulted 
C 
More specific trends are illustrated in two additional figures, In 
based on the mean completion time averaged over subjects Figure 14 an I 
and scale,, is plotted for each task, with and without delay. The graph 
shows that "position1' was the most variable segment and "transport" was 
generally the most consistent, 
C 
The plotted values also show that with but 
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FIGURES 13 a, b, c: INDEX OF CONSISTENCY, I, 
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one except ion ,  delayed manipulat ion w a s  more v a r i a b l e  than  t h e  same manipu- 
l a t i o n  without  de lay .  The degree which de lay  increased  t h e  v a r i a b i l i t y  is 
t h e  r a t i o  of Values of t h i s  r a t i o  f o r  t h e  t h r e e  t a s k s  
IC wi th  de lay  
IC without  de lay  
averaged over  scale and s u b j e c t s  appear i n  Table  5 a. 
F i n a l l y ,  t h e  cons is tency  index w a s  computed f o r  t h e  completion t i m e s  
averaged over  t a s k s  and sub jec t s .  The r e s u l t s ,  p resented  i n  Figure 15 , 
compare t h e  completion t i m e  v a r i a b i l i t y  of t h e  l a r g e  and s m a l l  scales, 
wi th  and without  de lay .  
Without except ion ,  s m a l l  s c a l e  w a s  more v a r i a b l e  than l a r g e  scale; 
t h i s  r e s u l t  is  t r u e  f o r  each t a s k  segment and f o r  manipulat ion with delay 
o r  no de lay .  A s  a l s o  noted i n  t h e  Figure 14 , "pos i t ion"  was c o n s i s t e n t l y  
t h e  most v a r i a b l e  segment and " t r anspor t "  t h e  least v a r i a b l e  r e g a r d l e s s  of 
t h e  manipulat ion cond i t ion ,  de lay  or  no delay.  
An important r e s u l t  i n  F igure  14 is t h a t  t h e  completion t i m e  f o r  manipu- 
l a t i o n  wi th  de lay  w a s  always more v a r i a b l e  than t h e  completion t i m e  of t h e  
same scale and segment without delay.  The e x t e n t  de lay  increased  t h e  
I wi th  de lay  
IC without  delay 
C and t h e  v a r i a b i l i t y  is aga in  determined by t h e  r a t i o  
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TABLE 5 a and b: FACTOR BY WHICH DELAY INCREASED COMPLETION TIME VARIABILITY 
TASK f l  
a. Tabular  va lue  
and 2 scales. 
"GET" "TRANSPORT" "POSITION" TOTAL 
.936 1.16 1.01 1.08 
f o r  t a sks ,  average of - G/MEAN wi th  de lay  G/MEAN without  de lay  
TASK # 2 ,  1 .77  1 .7  1.2 1.85 




and 3 t a sks .  
1 . 3  1.35 1.05 1.4 
1.06 1.28 1.42 1.5 
I "GET" I "TRANSPORT" I "POSITION" I TOTAL I 
1 I I I I 
3 s u b j e c t s  
3 s u b j e c t s  
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F. APPLICABILITY OF FERRELL'S RESULTS 
A primary goa l  of t h i s  s tudy w a s  t o  determine i f  F e r r e l l ' s  conc lus ions  
about remote manipulat ion wi th  de lay  i n  three degrees  of freedom ( 2 t r ans -  
l a te  and grasp  us ing  minimal manipulator  prev ious ly  descr ibed)  were a l s o  
a p p l i c a b l e  t o  a six-degree-of-freedom manipulator ,  One of h i s  most s i g n i -  
f i c a n t  conclus ions  w a s  t h a t  t a s k  completion t i m e  wi th  de l ay  w a s  l i n e a r l y  
dependent on a n  informat iona l  index of d i f f i c u l t y ,  t h e  log  of movement d i s -  
tance over te rmina l  t o l e r a n c e  d i s t a n c e .  Unfortunately t h i s  index is  not  
e a s i l y  determined f o r  complex t a sks .  
However, Ferrell a l s o  repor ted  t h a t  t h e  number of w a i t s  €or feedback 
during a t a s k  wi th  de lay  w a s  a l s o  a c o n s i s t e n t  l i n e a r  func t ion  of t h e  in fo r -  
mation index. Hence t a s k  completion t i m e  w a s  l i n e a r l y  p ropor t iona l  t o  t h e  
number of w a i t s  f o r  feedback. 
Figure 16 is a graph of t h e  average completion t i m e  ve r sus  t h e  average 
number of waits f o r  t h e  six-degree of freedom manipulat ions i n  t h i s  s tudy.  
The " t o t a l "  and segment mean completion t i m e s  and corresponding mean number 
of w a i t s  are p l o t t e d  f o r  t h e  t h r e e  t a s k s  and both s c a l e s .  The r e s u l t  is 
remarkably l i n e a r ,  cor robora t ing  F e r r e l l ' s  conclusion,  and extending its 
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CONCLUSIONS 
Six  degrees  of freedom remote manipulat ion i s  p o s s i b l e  wi th  t ransmis-  
s i o n  t i m e  de lay ,  The technique of making ''open loop" moves and wai t ing  
f o r  feedback is  e x a c t l y  analogous t o  t h e  s t r a t e g i e s  Ferrell  observed wi th  
h i s  two degree of freedom minimal manipulator.  Operators  a l s o  found i t  con- 
ven ien t  and n a t u r a l  t o  move a c r o s s  manipulator  degrees  of freedom and w a i t  
f o r  feedback r a t h e r  than move i n  one degree a t  a t i m e .  
Resu l t s  of s tudy  wi th  t h r e e  manipulat ion t a s k s  of both small and large 
s c a l e  ( i . e .  h igh  and low p r e c i s i o n  ind ices )  and wi th  measures of t a s k  seg- 
ment completion t i m e s ,  permit t h e  fol lowing conclusions:  
1. The commonly held con jec tu re  t h a t  de l ay  most a f f e c t s  
t h e  p o r t i o n s  of t h e  t a s k s  r e q u i r i n g  g r e a t e s t  p rec i -  
s i o n  is confirmed. 
The "pos i t ion"  segment of t a s k s  wi th  de lay  consis-  
t e n t l y  requi red  an increased  percentage of t h e  
t o t a l  t i m e  a t  t h e  expense of "get" and " t ranspor t . "  
t h e  v a r i a b i l i t y  of manipulat ion completion times. 
Analys is  of va r i ance  r e s u l t s  f o r  t h e  "posi t ion" 
segment f o r  p l ac ing  a p l a t e  wi th  a ho le  i n t o  a 
peg (Task #3) shows t h a t  wi th  de lay  s m a l l  va r i -  
a t i o n s  i n  s c a l e  ( i . e .  t h e  p r e c i s i o n  r equ i r ed ) :  
had a much g r e a t e r  e f f e c t  than  wi th  no delay.  
2. 
3. S imi l a r ly ,  feedback de lay  c o n s i s t e n t l y  increased  
4. 
Counting t h e  number of w a i t s  f o r  feedback and r a i s i n g  t h e s e  v a l u e s  i n  
t h e  a n a l y s i s  (preceding s e c t i o n )  has  produced s e v e r a l  conclusions:  
1. The f r a c t i o n  of t h e  t o t a l  t a s k  t i m e  spent  wai t ing  
i s  n e a r l y  equal  f o r  a l l  t h r e e  t a s k s ,  r ega rd le s s  
of scale. 
The v a r i a b i l i t y  i n  t h e  mean number of w a i t s  f o r  a 
t a s k  segment c o r r e l a t e s  wi th  and may account f o r  
t h e  v a r i a b i l i t y  06 t h e  segment's mean completion 
t i m e  a 




of t h e  average number of waits fer feedback. 
This  r e s u l t  concu s with  and extends Ferrel l ' s  
conclusion.  
Design recommendations: Operator f a t i g u e ,  phys i ca l  d r i f t i n g  and l a c k  
of f o r c e  feedback, a l l  coupled wi th  l i m i t e d  depth percept ion  due t o  tele- 
v i s i o n  viewing, w e r e  de t r imen ta l  t o  s u b j e c t ' s  performance. These f a c t o r s  
should be s i g n i f i c a n t  when devis ing  des ign  cri teria f o r  master-slave manipu- 
l a t o r s  t o  be operated wi th  t ransmiss ion  t i m e  delay.  
Phys ica l  " d r i f t i n g "  is inf luenced  by ope ra to r  f a t i g u e  and de lay  length .  
I f  ope ra to r s  are t o  perform complicated o r  prolonged t a s k s  t h e  master con- 
t r o l  area must be as comfortable  as poss ib l e .  Also a lock  o r  brake mecha- 
nism is needed t o  "hold" t h e  o p e r a t o r ' s  p o s i t i o n  while  he  w a i t s  f o r  feedback. 
"Locking" t h e  manipulator  means immobilizing i ts  s i x  degrees  of freedom; 
t h i s  func t ion  probably should be  c o n t r o l l e d  a t  t h e  master c o n t r o l  f i nge r -  
t i p s .  The longer  t h e  de lay  t i m e ,  t h e  more e s s e n t i a l  t h e  brake becomes. 
There were a l s o  i n s t a n c e s  when s e l e c t i v e  braking of va r ious  degrees  
of freedom would have a s s i s t e d  t h e  ope ra to r .  For example, a long posi-  
t i o n i n g  t a s k  could be more comfortably performed i f  t h e  j a w s  were locked 
so t h a t  t h e  ope ra to r  might relax h i s  g r i p  without  f e a r  of dropping t h e  
grasped o b j e c t .  S i m i l a r l y ,  an  ope ra to r  may want t o  hold a good p o s i t i o n  
i n  s e v e r a l  degrees  of freedom while  making f i n a l  c o r r e c t i o n s  i n  one o r  more 
degrees  
I n  a d d i t i o n ,  t h e  tests showed t h a t  some form of f o r c e  feedback is 
needed wi th  a s ix-degree of freedom manipulator .  Otherwise i t  i s  p o s s i b l e  
t o  " t rap"  t h e  s l a v e  by a c c i d e n t a l l y  f o r c i n g  i t  a g a i n s t  an immovable o b j e c t  
i n  t h e  t a s k  area, When t h i s  happens t h e  only  p o s s i b l e  s l a v e  movement i s  
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"Z" (up) ;  bu t  t h e  ope ra to r  may waste s e v e r a l  moves and w a i t  c y c l e s  before  
he d i scove r s  and c o r r e c t s  t h i s  s i t u a t i o n .  A very  s imple ,  v i s u a l l y  d i sp l ayed  
f o r c e  feedback could he lp  prevent  t h e  problem, y e t  avoid t h e  i n s t a b i l i t i e s  
(shown by F e r r e l l  ) r e s u l t i n g  i n  b i l a t e r a l  manipulators .  
9 
These s t u d i e s  emphasize t h e  o p e r a t o r ' s  need f o r  good depth  pe rcep t ion  
i n  viewing, which would be l i k e l y  t o  improve h i s  performance and h e l p  reduce 
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APPENDIX A: PRELIMINARY TEST RESULTS 
LE, SECONDS 
3?j SECOND DELAY 
56.5 
103 e 9 
119.2 
A p o r t i o n  of t h e  t a s k s  and s u b j e c t s  t e s t e d  dur ing  t h e  pre l iminary  
Peg t r ans -  
f e r r e d  from 
one ho le  t o  
another  
Three b locks  
s tacked 
experiments are repor t ed  i n  t h e  fol lowing t a b l e ,  
0.75" hole,0.5" peg LS 4.8 
1.0" h0 le~0 .75"  peg MS 5.6 
0.75" hole,0.5" peg PIS 7,9  
1.25" edge wv 10.8 
1.75" edge wv 15.3 
1.25" edge MS 11.0 
TABLE A I :  P a r t i a l  Summary of Pre l iminary  Resu l t s  
one ho le  
85,4 






APPENDIX B :  MEANS AND STANDARD DEVIATIONS 
The following tables are means and standard deviations of the completion 
t i m e s  and number of waits averaged over various margins of the array of ex- 
perimental conditions.  There are two tables  for  each margin, one for manipu- 
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APPENDIX C :  ANALYSIS OF VARIANCE EXAMPLE 
The fol lowing is a summary of t h e  a n a l y s i s  of va r i ance  format used i n  
The numerical  va lues  shown were c a l c u l a t e d  from d a t a  (comple- 
10 
t h i s  s tudy .  
t i o n  t imes)  recorded f o r  t h e  "posi t ion" segment of Task #2 w i t h  de lay .  
V 6  = Vl-V4 = 10416 
s c  I 
n 
S2 = v2/1 = 4985 
S3 = ' 3 1 ,  = 1320 
S5 = ' S I 2  = 647 
S6 = v 6 / 5 4  = 193 
= F = = 3.35 Consul t ing F t a b l e s :  > 95% F I n t e r a c t i o n  I '6 
Assuming F w a s  s i g n i f i c a n t :  I - 
4985 7.7 s 5 = - =  64 7 
s2/ F scales 5 
" 
1320 2.1 ' 3 1  - F s u b j e c t s  = S5 - -= 64 7 
Consulting F t a b l e s :  > 70% 
: > 70% I t  11 I I  
Assuming F w a s  no t  s i g n i f i c a n t :  
Consul t ing F t a b l e s :  > 97.5% 
I s- 
F s c a l e s  
1320 
'sub j ects . 5 6 840 
= s 3 / ~  +S = -= 1.57 11 I 1  : > 70% 11 
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